[1] We present depth (d) and diameter (D) data for 2269 Martian impact craters in the diameter range 6-216 km, distributed over $11.52 Â 10 6 km 2 of terrain that samples several geologic settings and the full range of latitudes and elevations throughout the northern lowlands of Mars. Our data indicate that there are three major crater types that fall into two major populations, those craters that contain Vastitis Borealis formation (VBF) and those that do not. The deepest type 1 craters comprise a Late Hesperian/Early Amazonian-age population that does not contain VBF. Type 2, type 3, and subdued type 1 craters comprise a population of Hesperian-age craters partially buried by the VBF. The unique d/D distribution of type 3 craters and photogeologic evidence suggest an erosional style for the VBF that requires sublimation processes, indicating that the VBF contained a substantial amount of ice. Type 3 craters occur throughout the northern lowland plains at elevations below À2400 m. If the VBF is a sedimentary deposit left by a large body of standing water in the northern lowlands of Mars, then the northern lowland plains contained a body of water with a volume of $6 Â 10 7 km 3 or the equivalent of a 430 m global ocean during the Late Hesperian/Early Amazonian. This also implies that the VBF contains $4 Â 10 6 km 3 of material, in agreement with the estimated amount of material eroded from the outflow channels surrounding Chryse basin and washed into the northern lowlands.
Introduction
[2] This study focuses on the surface history of the northern hemisphere of Mars, and in particular the sedimentary history of the lowland plains as drawn from the nature and variations in the depth (d) and rim crest diameter (D) relationships of impact craters found in that region. The region has special significance to Martian sedimentary history because it is the location of proposed large ancient bodies of standing water created when the huge floods that cut the outflow channels emptied into the northern lowlands [Lucchitta et al., 1986; Parker et al., 1989 Parker et al., , 1993 Baker et al., 1991 Baker et al., , 2000 Baker, 2001; Kreslavsky and Head, 2002a] .
[3] Kreslavsky and Head [2002a] have proposed that the Late Hesperian-age Vastitas Borealis formation (VBF), a $100 m thick layered deposit, is the sedimentary residue left by these bodies of water in the northern lowlands. Previous work [Scott and Tanaka, 1986; Greeley and Guest, 1987; McGill, 1989; Head et al., 2002; Malin and Edgett, 2001; Frey et al., 2002; Frey, 2003; Tanaka et al., 2003; Bruczkowski and Cooke, 2004] has shown that the VBF lay on top of several kilometers of Early Hesperian-age ridged plains. The ridged plains are thought to comprise mainly volcanic materials, though other materials are possible [Head et al., 2002; Bruczkowski and Cooke, 2004] . The ridged plains are underlain by Noachian-age cratered terrain. Impact crater populations formed on each of these units, but these craters were either completely obliterated by burial, or only partially buried during emplacement of the overlying younger units. Prior to their burial, each of these crater populations also underwent modification through slow continuous degradational processes that occurred between burial episodes. While different types of degradational processes may result in different rates of degradation [Forsberg-Taylor et al., 2004] they typically modify craters in the same general way, resulting in craters passing through the same general progression of morphologic stages and producing d/D distributions with the same slopes but displaced to shallower values. However, mantling and burial of craters produces altogether different morphologies and d/D distributions . Consequently, the effects of the different events that have occurred in the northern lowlands have left their mark on the morphology of the crater population in a diagnostic way that provides information about the responsible processes and events Forsberg-Taylor et al., 2004] .
[4] This study, like previous investigations of the history of surface modification based on crater morphology, is possible because impact craters are the only surface feature whose initial shape is known with relatively good accuracy [Pike, 1974 [Pike, , 1980a [Pike, , 1980b [Pike, , 1988 Garvin and Frawley, 1998; Garvin et al., 2000a Garvin et al., , 2000b Garvin et al., , 2003 . As a result, the effects of modification of a crater can be estimated by comparing its present shape with its predicted initial shape. The difference provides information about the amount and type of modification. Consequently, the morphology of the oldest crater on a surface, to a first order, contains a record of the entire history of modification of that surface. However, while determining the oldest crater on a surface may be very difficult to impossible, reading the effects of a complex surface history from its shape may be even more difficult because of the obliterating effects of younger events that can erase and confuse interpretation of the entire record. For this reason, and to smooth out the effects of random measurement errors, we measure each crater > 6.0 km in the sample area, and approach analysis using the entire crater population in that area.
[5] In this study we have selected depth and diameter as the shape parameters to serve as the indices of crater modification. This is done for three reasons. First, crater diameter generally changes little during crater modification and as a result can be used as a basis to estimate the initial shape of the craters from its degraded shape. For example, the initial diameter of a crater generally will remain within about 10-15% of its initial value in spite of its degree of degradation [Soderblom, 1970; Craddock and Maxwell, 1990] . On the other hand, crater depth is sensitive to surface processes and tends to be reduced in relief over time, but without diameter for reference provides little information about how much degradation has occurred. Second, the depth and diameter relationship for fresh craters has been established for Mars with reasonable accuracy. As a result, this relationship can be used as reference parameters for comparison with observed crater depth and diameter to estimate the degree of degradation. Garvin et al. [2000a Garvin et al. [ , 2000b Garvin et al. [ , 2003 have measured the depth and diameter of over 7000 fresh craters in many different areas on Mars by applying a semiautomated measurement system to the Mars Orbiter Laser Altimeter (MOLA) digital elevation model (DEM) data and spot-checked with MOLA profile data. They have derived the following equation for the global average of craters larger than 6 km (most are complex craters):
49 a but note that this relationship varies slightly from region to region. This equation enables the estimation of the maximum depth of excavation of craters on Mars and relates crater diameter to crater depth. In this equation, d e is the depth of excavation, expected to be greater than the apparent depth after modifications soon after the initial formation; 0.36 is a constant related to the simple to complex transition diameter. D a is the final, apparent cavity diameter at the rim crest, and 0.49 is the distribution exponent. On the basis of this relationship, and assuming that the diameter of each crater has changed little since its formation, the initial depth can be predicted and compared with the observed depth in order to calculate the change in relief and hence provide an index of the amount of degradation. Crater depth and diameter are two of the largest-scale morphologic elements of an impact crater. Consequently, they are some of the easiest and most accurately measured parameters of a crater [Pike, 1974 [Pike, , 1980a and thus help to reduce the magnitude of measurement errors.
[6] In this study, the depth and diameter of 2279 craters in test areas in the northern lowland plains of Mars or the surrounding cratered terrain ( Figure 1) were measured from the MOLA 1/128°DEM. Although these rectangularshaped test areas do not cover the entire surface of the northern lowland plains, they were selected to include each major region, and a broad range of latitude and longitude. The total area studied is $11.52 Â 10 6 km 2 . No data were collected north of $80°N, specifically excluding north polar deposits from this study. The measurements were made employing the rapid data collection technique developed by Mouginis-Mark et al. [2004] for the MOLA DEM data. In addition to measuring crater diameter (and several other parameters) this technique measures crater depth in two ways ( Figure 2) ; the relief from the average height of the crater rim to the lowest measured point on its floor (d r ,) and the relief from the average elevation of surface surrounding the crater to the lowest elevation on the crater floor (d s ). Together with diameter, these measurements provide a much greater understanding of morphologic trends and hence the processes that have produced them [Boyce et al., 2003 Forsberg-Taylor et al., 2004] .
[7] While the interpolated MOLA DEM provides an accurate topographic database, the spacing between individual MOLA ground tracks ($1-2 km, varying with latitude) places limits on the dimensions of the topographic features that can be accurately measured using MOLA DEM data [Garvin and Frawley, 1998 ]. In an effort to compensate for this limitation, only craters larger than 6.0 km diameter were used in this study, although in a few areas smaller craters were measured and found to generally follow trends formed by the larger craters.
Results
[8] The crater depth (both d s and d r ) and diameter measured in this study are presented in this section and show that there are significant variations in the d/D distribution of craters in the northern lowlands of Mars. We have designated the different types of craters as types 1, 2, and 3, and discuss the characteristics of each type below. The variation in d/D ranges from craters that show d/D distributions similar to that of most crater populations elsewhere on Mars (which range from fresh and relatively deep to subdued and relatively shallow) and are called type 1, to very shallow craters but with floors below the elevation of the surrounding terrain (type 2), and to craters that have their floors at an elevation that is higher than the surrounding terrain (type 3). To a first order, these variations suggest that there are distinct populations of craters in the area, each of which is defined by the characteristics of its d/D distributions (Figures 3 and 4) and their morphologic characteristics.
Type 1
[9] There are 1772 craters in our sample that we classify as type 1 craters. These craters range in diameter from 6 to 216 km, and are found at all latitudes and elevations. The show a similar rate of increase in the depths with diameter (i.e., the slope of their d/D distribution plots) as fresh nonpolar craters [Garvin et al., 2000a] , with the exception of some type 1 craters (i.e., fresh craters between $6 and 13 km diameter) in central Isidis Planitia and southern Figure 3 . Plot of the depth and diameter (d s /D) of types 1, 2, and 3 craters measured in this study. Our data include 1772 type 1 craters, 83 type 2 craters, and 414 type 3 craters. Crater diameter (D) is plotted against crater depth (d s ), that is, the relief between the deepest measured elevations of the floor of the crater to the average elevation of the surrounding terrain. Craters larger than $6 km diameter are used in this study for analysis (although not used in this study, d/D data were collected for craters as small as $2 km diameter). This plot shows that the floors of all craters in type 3 are at or higher than the elevation of the surrounding terrain. In addition, this plot shows that type 2 craters are also typically shallow, but the elevations of their floors are below the elevation of the surrounding terrain. The upper part of type 1 corresponds to the distribution for fresh craters determined by Garvin et al. [2003] . In type 1 the considerable scatter in the range of depths (for a given diameter) is most likely produced by the action of slow continuous degradation processes that have operated on the craters since their formation. Utopia Planitia that are as much as 50-60% deeper than the global average for fresh craters [Garvin et al. 2000a [Garvin et al. , 2003 ].
Type 2
[10] Type 2 craters include the smooth, shallow, flat, rimless depressions called ''stealth craters'' by Head et al. [2002] (Figure 6 ). Eighty-three type 2 craters have been identified in our sample, and these have a diameter range of from $6 to 189 km. Garvin et al. [2000a] for polar region craters). In addition, other remarkably shallow craters exist on the lowland plains but are morphologically different than type 2 craters, having low-relief rims with relatively steeper inner and outer slopes that form circular rings of low-relief hills. As a result of this morphologic characteristic these shallow craters are classified here as subdued type 1 craters instead of type 2 craters, but may, in fact, be part of a continuous morphologic series of highly subdued craters in the northern lowlands.
[11] The subdued morphology and the low slope of the d/D relationships of type 2 craters indicate that they have been partially buried . This is in agreement with Scott and Tanaka [1986] , Greeley and Guest [1987] , McGill [1989] , Malin and Edgett [2001] , Head et al. [2002] , Kreslavsky and Head [2002a] , Tanaka et al. [2003] , and Bruczkowski and Cooke [2004] who have noted this population of Early Hesperian-age craters capped by a thin ($100 m) deposit of Amazonian/Hesperian-age VBF in this region.
[12] Head et al. [2002] suggest that stealth craters may have been produced through the erosive effects of floodwater that degraded their rims and preferentially filled their interiors with sediment of the VBF. While we view this as a reasonable explanation, we also note that the morphology of type 2 craters is similar to ghost craters on the Moon that result from complete burial by lava flows and light plains deposits [Masursky, 1978, pp. 63, 228] , and the large ancient buried craters identified by Frey et al. [2002] and Frey [2003] . Because of the morphologic similarities, these craters could be the morphologic expression of craters completely buried by ridged plains materials that have compacted or deflated after deposition, leaving only a shallow, flat floored, rimless depression. In this scenario, the materials that bury these craters would have to be considerably thicker than the VBF alone and may represent the craters that formed during the later stages of emplacement of the ridged plains.
Type 3
[13] The data also show the presence of a third type of crater (type 3). There are a total of 414 of these craters in the diameter range 6.0 -22.8 km that are distinguished by their size, remarkable shallowness, and unique d/D distribution. The main distinguishing characteristic of type 3 craters is that they include all craters whose floors are at or above the elevation of the surrounding terrain. These elevated-floor craters were first described by Garvin et al. [2000a] and are generally limited to the lowland plains. We note that these type 3 craters are not the same landform as the pedestal craters described by Barlow et al. [2000] , many of which are found in the same areas, although the conditions giving rise to the type 3 crater and pedestal craters may be similar. [14] Thermal Emission Imaging System (THEMIS) images of type 3 craters show deposits on the floors of these craters. Some type 3 craters (generally the small ones, i.e., a diameter in the range 6 -8 km) have been nearly filled by smooth materials (Figure 7a ), while others (the larger ones above about 8 km) contain heavily eroded remnants of this deposit on their floors (Figure 7b ). Horizontal layering can typically be identified in these eroded remnants. Unlike most type 2 craters, type 3 craters typically have rims and ejecta blankets. The deposit that fills type 3 craters is also commonly found on the surrounding plains ( Figure 7c ) and shows characteristics of being stripped from the more erosion-resistant plains beneath it [Tanaka et al., 2003] . This mantle deposit has been mapped as VBF [Scott and Tanaka, 1986; Greeley and Guest, 1987; Kreslavsky and Head, 1999 , 2002a , 2002b Head et al., 2002; and Tanaka et al., 2003] .
[15] These previous workers estimate that the VBF averages $100 m thick. We have also attempted to estimate the thickness of the VBF. Figure 7a illustrates a region in Utopia Planitia that has been mantled by VBF. This image also shows a 7.2 km diameter crater that has been nearly filled and its ejecta blanket mantled by the VBF. Located approximately a crater diameter to the east of this crater is a small (1.25 km diameter) fresh crater with an interior bench. By analogy with small lunar craters [Quaide and Oberbeck, 1968 ] the development of this bench is consistent with a deposit $100 -125 m thick that has been penetrated by the small fresh crater. Also, note the absence of a bench in the $450 m diameter ($80-90 m deep) crater north of the bench crater suggesting that this smaller crater was too shallow to penetrate the deposit. While it is possible that the bench in the 1.25 km diameter craters could actually indicate the thickness of the crater ejecta blanket beneath the VBF instead of the VBF, there is only one bench inside the small crater which suggests the crater penetrates only the topmost layer of material; the VBF.
[16] Our thickness estimate is for the VBF on the surface of the northern lowland plains, and not for its thickness inside the crater. The thickness inside this crater, and other type 3 craters, may be different than on the outside. Depending on how the VBF was deposited, it could be much greater than 100 m. For example, if the VBF drapes over the topography, as would be expected from settling of a Only a topmost part of its rim protrudes above the smooth material that blankets both the crater and surrounding plains. The smooth materials inside the crater are $7 m above the surrounding smooth plains. The smooth mantle material is thought to be the Vastitis Borealis formation. Note the bench halfway down the interior of the small fresh crater (large arrow) ($1.25 km diameter), shown enlarged in the inset at top right. Such benches in small craters are generally produced when the efficiency of the cratering process changes as a result of a vertical difference in the properties of the target materials [Quaide and Oberbeck, 1968] . In contrast, the smaller $300 m diameter crater (small arrow) to the north of the crater with the bench lacks any bench (see enlargement in the inset at top left). Consequently, this bench may indicate a more competent layer of material at $100 m depth and may indicate that the smooth material that surfaces the plains is $100 m in this area. However, if the 7.2 km diameter crater were fresh when buried, the smooth material inside it would have to be $1.1 km thick. THEMIS image V04490006. 1°N, 120 .2°E). Like other type 3 craters, this crater floor is above the surrounding plain. In places, erosion of the surrounding VBF has exposed plains beneath. In addition, these layers lap up against the sides of the crater in some places, but in most other places they appear to have been eroded back away from the interior rim. No benches occur along the interior wall of the crater at the same elevation as these layers that would indicate that the layering extends through both the wall and the deposits, as would be the case with the model proposed by Soderblom and Wenner [1978] . THEMIS frame number V03541003. sediment load from water, then its thickness inside the craters would be similar to that outside (i.e., $100 m). However, if the VBF buries topography in a way that is typical of emplacement of sedimentary deposits during flooding where significant erosion of topography and preferential infilling of depressions that act as sedimentary traps [Kreslavsky and Head, 2002a] or of volcanic flooding that fills low areas to the same elevation as the surrounding surface, then the thickness inside the crater could be significantly greater than on the outside. In this case, limits on the maximum thickness of VBF inside the type 3 craters can be estimated by comparing the predicted fresh crater d/D with the measured d/D of these craters to determine the difference in crater depth. As a result, the thickness of fill material inside these crater is the difference between these values and suggests that the 7.2 km crater in Figure 7a could have as much as 1.1 km of VBF in it. In addition, this suggests that the largest type 3 craters (D = 22 km; d s = À107 m), if buried when fresh, would require $1.8 km of VBF to raise the floor to the measured level. This case is viewed as unlikely and will be discussed further later.
[17] Carr and Schaber (Figure 10c ) craters. These plots show that type 3 craters are limited to the lowlands below À2400 m and that most are located north of $40°N as well, although a few are found as far south as $25°N. The greatest frequency of occurrence and shallowest (d s < 100 m) of these craters occurs in a zone between about 40°N-55°N and below an elevation of $4500 m, with a concentration in the deepest part of Utopia and other basins.
[18] Type 2 craters are found over a somewhat greater latitude range than that of type 3 craters. They commonly occur as far south as $25°N, with a few even found as far south as $5°N, principally in Isidis Planitia. However, their elevation range is more limited than that of type 3 craters being mainly found below an elevation of À3558 m.
Discussion
[19] The craters studied in the northern hemisphere of Mars (most in and around the northern lowland plains) fall into three major distinct types based on their d/D relationships and morphology. The d/D characteristics of these types of craters provide important information on the geomorphic evolution of the area, suggesting that the northern lowlands were resurfaced by two major episodes of burial by regional deposits (the VBF and ridged plains), as well as undergoing slow continuous degradation between episodes. The d/D distributions of one of these crater types, type 1, are similar to those of fresh crater populations and include relatively deep craters (although some are remarkably subdued) and steep distribution functions. Type 1 craters are found throughout the northern hemisphere. In contrast, the other two crater types exhibit the characteristics of being mantled, including craters that are shallow for their diameters and have relatively shallow d/D distribution functions. Type 2 craters range from $6 km to over 100 km diameter, but even the largest are less than $350 m deep. The d/D distribution of type 2 craters is most likely caused through burial by the VBF, coupled with Figure 8 , type 1 craters are found throughout the study area. However, type 2 craters are found north of $5°N, while type 3 craters are mainly located north of 40°N with a few of the deepest of these craters located as far south as $25°N. These relatively deep type 3 craters may owe their depth to the expected higher rate of sublimation of ice from the VBF formation in more southern latitudes. erosion during VBF emplacement (as well as possible burial by ridged plains). Many subdued type 1 craters may be similar in origin to these craters, but with less extensive rim erosion. The craters of type 3 are <$22 km diameter and have floors at a higher elevation than the surrounding terrain. Photogeologic observations indicate that the cause of the d/D distribution of type 3 craters is mantling by the VBF. Both type 2 and 3 craters are found below particular elevations (À3558 m and À2400 m respectively) suggesting their upper boundary may follow a gravity equipotential surface or a gradient in thickness of the material that buries them toward the centers of the lowest regions. In addition, both of these types are found at high latitudes, but type 2 craters are found further south than type 3 craters. This distribution may reflect the latitudinal dependence on the stability of ice found in the VBF [Squyres et al., 1992; Mellon and Jakosky, 1995] or that the VBF has been buried by younger materials [Hartmann and Berman, 2000; Burr et al., 2002] .
Nature of the VBF
[20] The unique nature of the type 3 crater d/D distributions compared with those of type 1 and 2 craters provides insight into the nature of the VBF. For example, THEMIS VIS images show that the floors of type 3 craters, as well as the floors of subdued type 1 and 2 craters, are mantled by materials that we believe is the VBF. In addition, the surrounding terrain is generally mantled with the same materials found on the floors of these craters.
[21] The presence of VBF in type 2 and subdued type 1 craters readily explains their low d/D values and subdued morphologies. These characteristics could be the result of extensive rim erosion and preferential infilling of crater interiors during early stages of flooding [Head et al., 2002 ; Figure 10 . Maps of the locations of craters of the three types defined in this study: (a) type 1, (b) type 2, and (c) type 3. The À2400 m contour has been included for reference. Type 1 craters are found in all regions. Type 2 craters occur mainly below À3558 m and range south to $5°N. Type 3 craters are generally restricted below À2400 m contour and are found mainly north of 40°N but range as far south as $25°N in some areas. The southern extent of type 3 craters may be mainly controlled by young resurfacing events, although in some areas the effects of solar insolation may have played a role. Kreslavsky and Head, 2002a] . This may be the reason that, compared with type 3 craters, these craters are found mainly in deeper parts of the northern plains where such dynamic processes would be most active during initial stages of flooding. In addition, such processes are expected to result in thick interior deposits in these craters (called ''Hotel California'' craters by Head et al. [2002] because they are sedimentary traps where sediment cannot readily escape) relative to the surrounding terrain. Why are their floors lower than the surrounding terrain? These thick interior deposits should contain a greater amount of ice than in the thinner deposits on the surrounding terrain and as a result lose more materials because of compaction and sublimation. The deposits in the floors of these craters would rapidly deflate to lower elevations than the surface of surrounding deposits, even if they initially were both at the same elevation.
[22] However, the unique d/D distribution of type 3 craters cannot readily be explained with simple burial and subsequent erosion unless the mantle material eroded in a unique way. Unlike the subdued craters of type 1 and 2, the floors of type 3 craters remain nearly at or a little above the elevation of the surrounding terrain, no matter what the diameter of the crater. However, like these other craters, the maximum interior relief (d r ) of type 3 craters increases with increasing crater diameter. How can this type of d/D relationship develop and what processes are necessary to cause it? Because the surface of the VBF shows evidence of significant erosion (Figures 7b and 7c) we suggest that the unique characteristics of the type 3 crater d/D distributions are most likely caused by how the VBF erodes, rather than being a primary morphologic feature of the craters. Consequently, the characteristics of the d/D distributions of type 3 craters imply that as they erode, the elevation of the surface of the VBF must be lowered at the same rate and nearly as a flat plain, both inside and outside of the craters. Such erosional behavior would progressively expose buried crater topography analogous to the way that submerged topography is exposed by a lowering water level. With time, as the VBF erodes downward (both inside and outside the craters) the rims of the largest craters emerge from beneath the surface of the deposit first, followed by rims of smaller and smaller craters. This results in increasing relief between crater rims and floors (d r ) with diameter, but little or no relief differences between crater floors and the surrounding terrain (d s ) with increased diameter.
[23] While the type of erosion that produced the characteristics of the d/D distributions of type 3 craters appears to be unique to the VBF on Mars there is a type of erosion that operates in permafrost regions in the high latitudes of Earth that could produce these same characteristics. This type of erosion occurs in permafrost terrain when ice sublimes from an ice-rich deposit allowing removal of loose materials by the wind or other transporting agents. Erosion is generally from down-wearing and back-wearing of slopes [Carr and Schaber, 1977; Carr, 1996] , producing low plateaus cut by alases (irregular hollows). This process results in low-relief terrain that, at a regional scale, appears to erode downward as a flat plain. Consequently, we suggest that the primary mechanism for producing the observed d/D distribution of type 3 craters is by erosion of the VBF in a manner similar to that of terrain in permafrost regions. This also leads to the conclusion that the VBF was most likely composed of icerich materials, in agreement with earlier observations based on photogeologic analysis that the VBF is composed of easily eroded ice-rich sediments [Carr and Schaber, 1977; Rossbacher and Judson, 1981; Squyres et al., 1992; Kargel et al., 1995; Head et al., 2002; Kreslavsky and Head, 2002a; Carr and Head, 2003] .
[24] While it is plausible that other processes could modify craters in the northern lowland plains in a way that produces the observed d/D distributions, none are entirely consistent with the d/D data presented here. Perhaps the most compelling evidence for this assertion is the presence of VBF deposits inside the type 3 craters (Figures 7a, 7b , and 7c), which easily accounts for the shallowness of these craters (an important aspect of their d/D distribution). This observation and the characteristics of the d/D distributions [Boyce et al., 2003] argue against other processes that could also shallow craters, such as exhumation of erosion-resistant subsurface layers, viscous relaxation, target material properties, or eolian or fluvial erosion. In the case of exhumation of remnants of erosion resistant subsurface layer developed through subsurface aqueous processes as suggested by Soderblom and Wenner [1978] , THEMIS VIS images show (at a resolution of 18 m/pixel) that the layers of the VBF inside type 3 craters lap on to the interior crater walls instead of jutting out from those walls as would be expected if the layers were composed of wall material (Figures 7b  and 7c ). Viscous relaxation can also be ruled out as a major cause of the shallowness of type 3 craters because these craters are absent in the most northern regions of the highlands, but are present in the adjacent lowlands below an elevation of À2400 m. Most models of ground ice stability would predict that ground ice should be present in both locations [Squyres et al., 1992] and hence affect the craters in the highlands in much the same way as the lowlands. Added to this, the effects of viscous relaxation should be more pronounced in large-scale topography than small-scale topography [Melosh, 1989, pp. 154 -161; Squyres et al., 1992; Pathare et al., 2002] , and in large craters more than smaller ones. This is the opposite of what is observed with type 3 craters being generally relatively small. Target material properties can also be ruled out as causing the unique characteristics of type 3 craters because fresh craters in the northern lowlands generally have similar d/D distributions as those found elsewhere on Mars [Garvin et al., 2003; Kurita and Ogawa, 2003] . This suggests that type 3 craters initially formed with approximately the same fresh morphology as elsewhere on Mars and were subsequently modified to their present shape. Finally, degradation processes such as those produced by eolian or fluvial erosion produce d/D distributions with diagnostic characteristics Forsberg-Taylor et al., 2004] that are different than those of type 3 craters. The characteristics of type 3 (and types 2) craters are most like those expected for buried crater populations where the slopes of the d/D curves are very low.
Spatial Distribution of the VBF
[25] Head et al. [2002] proposed that the spatial distribution of craters buried by the VBF in the northern lowland plains is an approximation to the extent of an ancient ocean(s). In particular, they have used the location of ''stealth'' craters as a basis for mapping the boundaries of the VBF. However, the size and d/D relationships of most ''stealth'' craters suggest that they belong to type 2 and consequently (although they probably contain VBF) are not unique markers for the VBF. We contend that type 3 craters are a better indicator of the location of this formation, and hence an ancient ocean, because their development requires them to be mantled by a layer of ice-rich material that is approximately the thickness of the VBF, while type 2 craters do not.
[26] In a manner similar to that employed by Head et al. [2002] and Kreslavsky and Head [2002a] , we have mapped the location of type 3 craters and consequently, the areal extent of volatile-rich mantle that causes them, the VBF. This map is shown in Figure 10c and indicates that, like stealth craters, type 3 craters are restricted to the northern lowland plains. However, the areal extent of type 3 craters with a boundary roughly following the À2400 m contour is broader than that of stealth craters as mapped by Head et al. [2002] , and Kreslavsky and Head [2002a] . In addition, the uniformity in maximum elevation of type 3 craters around the edges of the northern lowlands is consistent with emplacement of the VBF by processes involving a liquid like standing water (i.e., an ocean) that fill up to a gravity equipotential surface.
[27] In addition, the southernmost extent of type 3 craters differs from region to region, which is unexpected for craters whose d/D distribution may be controlled by the presence of an ice-rich deposit (the VBF) that should be sensitive to solar insolation effects [Squyres et al., 1992; Mellon and Jakosky, 1995] . For example, in the Amazonis/ Arcadia region type 3 craters are found as far south as 25°N, while in the Acidalia/Chryse and Utopia regions they occur only as far south as 40°N. The depths of the most southern of these craters tend to also be closer to 0 km elevation than craters further north. This suggests that in some places the southern extent of the VBF may be controlled by resurfacing of local regions by younger materials [Hartmann and Berman, 2000; Burr et al., 2002; Tanaka et al., 2003] , while in other areas, it may be controlled by latitude-dependent insolation effects.
Population of Craters That Contain VBF
[28] Depending on their morphology and their d/D distributions some craters have been classified as either shallow type 1 craters or type 2 craters even though they contain VBF (Figure 11 ). These craters are also commonly >22 km diameter and located south of $40°N. Of considerable importance is that these craters, combined with type 3 craters, represent the entire population of craters that have been buried by the VBF. This has implication about the nature and age of the VBF.
[29] For example, the type 1 craters that contain VBF provide additional information about the properties and emplacement mechanism for the VBF. If the VBF was emplaced by a process that caused its surface to initially be at about the same elevation everywhere (i.e., initially about the same elevation inside and outside these large craters), like that expected from flooding by lava flows, then these type 1 craters should also show the same unique d s /D distribution as type 3 craters. This is clearly not the case, and suggests that large (i.e., deep) type 1 craters with interior deposits of VBF never had deposits thick enough to raise their floors to the level of the surrounding plains. The VBF was initially only thick enough to produce the unique type 3 d s /D distribution in craters <$22 km diameter. This type of thickness distribution is most consistent with a deposit that drapes over the topography like that produced by deposition of sediment settling from water (or air) into these craters and on the surrounding terrain.
[30] In addition, because all craters <6 km diameter were measured in the study region the relative age of events that produced each of the types of craters can be estimated. However, determining the relative age of the VBF using Figure 11 . This 12.4 km (d s = 83 m and d r = 227 m) crater located at 41.0°N, 98.3°E contains heavily eroded, nearly horizontal layers of the VBF. The smooth area on the outside of the crater rim is also most likely the VBF and appears to be less than $100-300 m thick. Also note that the layers lap up against the inside walls of the crater in some places, but in most other places they appear to have been eroded back away from the interior walls. THEMIS image V10457016.
crater density requires the knowledge of the total population of craters that contains VBF, including type 1 and 2 craters that contain VBF. We suggest that this can be done ( [31] To test if this function separates northern lowland craters into distinct populations as would be predicted if this function marks the boundary of two populations, we have constructed histograms of d r /D values (Figure 13 ) across the overall trend of d/D distribution from the fresh crater function (bin 1) to the shallowest craters (bin 10) at <12 km, 16 km, and 32 km on the fresh crater curve. These histograms show that the d/D distributions are bimodal and that the derived function separates the population into two distinct modes. We suggest that these modes represent craters that contain VBF and those that do not. It should also be noted that type 2 craters are included in the mode that contains the shallowest craters, but do not produce a separate mode of their own suggesting that they are not a separate population.
Age of the VBF
[32] The histograms in Figure 13 can also be used as a basis to estimate relative ages of these modes and hence the major events that produced them. Their relative ages can be estimated by calculating the cumulative number of craters per million square kilometers in the diameter bins <6 km, 16 km, and 32 km for each mode, and comparing these values with the boundaries of the geologic era on Mars. The results of this calculation are shown in Figure 14 and suggest that the VBF is Late Hesperian/Early Amazonianage, and that the ridged plains they are superposed on are Early Hesperian/Late Noachian-age consistent with that estimated by previous workers [e.g., Head et al., 2002; Tanaka et al., 2003] .
Shoreline
[33] If the VBF that produced the type 3 craters was deposited from an ocean(s) as suggested by Head et al. [2002] and Kreslavsky and Head [2002a] , where is the shoreline(s) of that ocean? Considerable effort has been put into identifying such a shoreline in high-resolution image and topographic data [Parker et al., 1989 [Parker et al., , 1993 Clifford and Parker, 2001; Head et al., 1998 Head et al., , 1999 Hiesinger et al., 2000; Grant and Parker, 2001; Edgett and Parker, 1997; Webb and McGill, 2003] . However, the answer to this question has been elusive because a Martian ocean would most likely freeze before it could produce significant erosion along its shores [Carr, 1983; Baker, 2001; Kreslavsky and Head, 2002a] . In addition, from terrestrial experience it is difficult to identify paleoshoreline features from satellite images without the benefit of vegetation patterns and field studies [Malin and Edgett, 1999] . Carr and Head [2003] have concluded that all geomorphic evidence presented so far for shorelines is equivocal and that the only place that conclusive evidence for an ancient Martian ocean will be found is within that ocean's basin. We agree with this conclusion and suggest that the areal distribution of type 3 craters shown in Figure 10c , and the depth to elevation distribution shown in Figure 8 , provide clues as to where the highest shoreline of such an ocean was once located. These figures show that type 3 craters are found almost entirely below an elevation of about À2400 m. As a consequence, we suggest that the northern lowland plains of Mars may have been filled with a body of standing water to approximately that level, implying a shoreline at about that elevation. We note that the exact elevation of the shoreline of the VBF will depend upon the precise mechanism for the deposition of the VBF. The depth of the standing water needed to sustain the sediment load is unknown. So, the À2400 m elevation contour may mark the point where deposition was sufficiently large to affect crater geometry.
Volume of the Ocean
[34] Such an ocean would have contained a global equivalent layer (GEL) of $430 m of water or a volume of $6.03 Â 10 7 km 3 [Carr and Head, 2003] . This is considerably less than the maximum volume of $3 Â 10 8 km 3 proposed by Clifford and Parker [2001] on the basis of estimates of the location of contacts derived from photogeologic observations. However, it is more than the $2.3 Â 10 7 km 3 of water proposed by Head et al. [2002] on the basis of the areal extent of stealth craters or the minimum of $6 Â 10 6 km 3 of water calculated by Carr [1996] from total erosional effects in the outflow channels.
3.7. Where Did the Water Come From and Where Did It Go?
[35] Is the estimated volume of water consistent with the sources and sinks for water on Mars? The principal source of the water that may have flooded the northern plains is from the catastrophic release of groundwater (or groundwater-fed lakes) down the outflow channels (see Carr and Head [2003] for a summary of evidence). The volume of water estimated in our study ($6 Â 10 7 km 3 ) is between $30 and 75% of that calculated by Clifford [1993] for the holding capacity of the megaregolith of $8-20 Â 10 7 km 3 . While this range is less than the estimated total holding capacity, it is unlikely that such a large fraction of the holding capacity would be released during individual flooding events. Furthermore, Carr and Head [2003] have shown that the rapid drop in hydraulic pressure expected during a flooding event would limit the discharge from any one flood event to a volume of $2.4 Â 10 6 km 3 . For this reason, they suggest that filling of the northern lowlands by one flood is unlikely, and that filling was more likely from successive smaller floods. However, these small floods must occur close enough together in time for the water (ice) to remain in the lowlands between floods in order to fill the basin to the À2400 m elevation. Carr and Head [2003] point out that the water from the floods would quickly freeze, and if pure would rapidly sublime away before the next flood could occur. However, if the ice was covered by a thin layer of debris, then the sublimation rate would be substantially lowered [Carr, 1990; Kreslavsky and Head, 2002a] , giving time for the local aquifer to recharge and pressure to build for the next outbreak. Considering the amount of sediment that must have been carried by these floods, it is reasonable to expect the production of such a layer of debris as a lag left by sublimation of dirty ice. This may mean that the VBF still contains a significant proportion of ice.
[36] Much of the water that may have been in an ocean in the northern lowlands is most likely no longer present in that region [Kreslavsky and Head, 2002a] . If À2400 m is the approximate elevation of the ancient shoreline, then $6 Â 10 7 km 3 of water must have been lost from the surface, either to the atmosphere by sublimation and/or soaked into the regolith beneath the ocean [Clifford and Parker, 2001] . Because of the expected short duration between the formation of an ocean and its complete freezing [Head et al., 2002] , sublimation to the atmosphere is most likely the dominant mechanism for loss of water. Consequently, because the current atmosphere contains little water, $430 m GEL of water must have migrated to other sinks initially through the atmosphere. The loss of water through escape from the top of the atmosphere can account for $50 m GEL of water [Kass, 2001; Hodges, 2002] . If the poles acted as cold traps for the subliming water and the polar ice caps were made of 100% water, then the caps could account for another $20 m GEL of water. In addition, if ice is still trapped in the VBF, prevented from sublimation by a thin debris layer on its surface, then a few meters to a few tens of meters of GEL may be trapped under the northern plains. This still leaves $350 m GEL of water unaccounted for. Clifford [1987] has proposed a mechanism that may account for this remaining water. He suggests that water can reenter the global aquifer system as a result of basal melting under the polar caps and then be cold trapped at the base of the global cryosphere [Clifford and Parker, 2001 ]. This requires a higher heat flow during the later Hesperian than present and at least 2 km thickness of ice in the caps. Both of these sinks appear to be plausible.
Volume of the VBF
[37] If the VBF is sedimentary material emplaced by Late Hesperian flooding from the outflow channels concentrated around the Chryse basin, as suggested by Head et al. [2002] and Kreslavsky and Head [2002a] , then how does the amount of sediment predicted from our study compare with the estimated volume of sediment delivered to the northern lowlands by these floods? Carr et al. [1987] Carr et al. [1987] for sedimentary materials produced by erosion of the outflow channels around the Chryse basin. This implies a minimum sediment load of $14% by volume.
[38] It should also be noted that the Carr et al. [1987] estimate is based on erosion of solid rock from the canyons and channels. The eroded materials were most likely megaregolith with a porosity that ranged from 20% to 50% [Clifford, 1993] , implying that much less material was delivered to the lowlands by the floods than calculated by Carr et al. [1987] . However, this decrease in volume may be canceled as a consequence of sedimentary processes where rock is ground into sediment and subsequently compacted. Such processes most likely would increase the volume of the material eroded from the highlands and deposited in the lowlands of Mars by 15-20% [Pettijohn, 1958, pp. 85-87] . Consequently, we accept the value calculated by Carr et al. [1987] as a good approximation of the amount of sediment delivered to the lowlands by the floods.
Summary of Conclusions
[39] The crater geometry data presented here represent $11.52 Â 10 6 km 2 of terrain in test areas, and provide samples of different regions, geologic settings and the full range of latitudes and elevations throughout the northern lowlands of Mars. Our data indicate that there are three major crater types in the study area as defined by their d/D distributions and morphology. Type 1 craters show d/D distributions similar to that of most crater populations elsewhere on Mars, but range from fresh and deep (for their diameters) to relatively shallow and subdued. In contrast, all type 2 craters are shallow, their d/D distribution has a low slope diagnostic of a population of partially buried craters, and their morphology is similar to subdued, rimless buried craters found on the moon and elsewhere on Mars. Type 3 craters are unique because they are so shallow that their floors are at or above the elevation of surrounding terrain. These craters are only up to $22 km diameter and their floors range from zero to more than 200 m above the surrounding terrain. Like those of type 1 and 2 craters, the d r values of type 3 craters increase gradually with increasing diameter. However, unlike the other crater types, the d s values of type 3 craters are <0 m and remain nearly constant in depth, regardless of their diameter.
[40] These three types of craters fall into two major populations, those craters that contain VBF and those that do not. The deepest type 1 craters comprise a Late Hesperian/Early Amazonian -age population of craters that do not contain VBF. Type 2, type 3 and subdued type 1 craters comprise a population of Hesperian-age craters partially buried by the VBF. The most subdued of the craters that contain VBF, designated type 2 by us and stealth craters by Head et al. [2002] , most likely were produced by extensive erosion of their rims and infilling from sediment washed in during flooding of the lowlands. This may be the reason that type 2 craters are found at lower elevation in the lowland plains basins where greater erosion and infilling is expected as the basins flood. Subdued type 1 craters have more pronounced rims than type 2 craters (which is why they are classed as type 1 craters), but_often contain VBF. This suggests that they may be similar to type 2 craters in origin, but have undergone a lesser degree of erosion of their rims.
[41] The nature of the unique d/D distribution of type 3 craters and photogeologic evidence suggests an erosional style for the VBF that requires sublimation processes to have played a major role, indicating that the VBF contained a substantial amount of ice. The characteristics of the d/D distribution of type 2 craters (and subdued type 1 craters) do not required them be buried by ice-rich materials, only to be partially buried (some could be filled with volcanic materials). As a result, type 3 craters are more diagnostic than stealth craters of burial from an ice-rich mantle and as a result are a more accurate indicator of the areal extent of the VBF and possible limits of an ancient ocean(s) that may have occupied the northern lowlands of Mars in the Late Hesperian/Early Amazonian.
[42] Type 3 craters are found throughout the northern lowland plains at elevations below À2400 m. If the VBF is a sedimentary deposit left by a large body of standing water in the northern lowlands of Mars as suggested by Head et al. [2002] and Kreslavsky and Head [2002a] , then the northern lowland plains contained a body of water with a volume of about $6 Â 10 7 km 3 or the equivalent of a 430 m global ocean during the Late Hesperian/Early Amazonian. This also implies that the VBF contains $4 Â 10 6 km 3 of material, in agreement with the estimated amount of material eroded from the outflow channels surrounding Chryse basin and washed into the northern lowlands.
